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DNA methylation is a covalent modification of the nucleotide cytosine that is stably inherited at the
dinucleotide CpG by somatic cells, and 70% of CpG dinucleotides in the genome are methylated. The exception
to this pattern of methylation are CpG islands, CpG-rich sequences that are protected from methylation, and
generally are thought to be methylated only on the inactive X-chromosome and in tumors, as well as
differentially methylated regions (DMRs) in the vicinity of imprinted genes. To identify chromosomal regions
that might harbor imprinted genes, we devised a strategy for isolating a library of normally methylated CpG
islands. Most of the methylated CpG islands represented high copy number dispersed repeats. However, 62
unique clones in the library were characterized, all of which were methylated and GC-rich, with a GC content
>50%. Of these, 43 clones also showed a CpGobs/CpGexp >0.6, of which 30 were studied in detail. These
unique methylated CpG islands mapped to 23 chromosomal regions, and 12 were differentially methylated
regions in uniparental tissues of germline origin, i.e., hydatidiform moles (paternal origin) and complete ovarian
teratomas (maternal origin), even though many apparently were methylated in somatic tissues. We term these
sequences gDMRs, for germline differentially methylated regions. At least two gDMRs mapped near imprinted
genes, HYMA1 and a novel homolog of Elongin A and Elongin A2, which we term Elongin A3. Surprisingly, 18 of the
methylated CpG islands were methylated in germline tissues of both parental origins, representing a previously
uncharacterized class of normally methylated CpG islands in the genome, and which we term similarly
methylated regions (SMRs). These SMRs, in contrast to the gDMRs, were significantly associated with telomeric
band locations (P = .0008), suggesting a potential role for SMRs in chromosome organization. At least 10 of the
methylated CpG islands were on average 85% conserved between mouse and human. These sequences will
provide a valuable resource in the search for novel imprinted genes, for defining the molecular substrates of the
normal methylome, and for identifying novel targets for mammalian chromatin formation.

[The sequence data described in this paper have been submitted to the GenBank data library under accession
nos. AF484557–AF484583.]

DNA methylation is central to many mammalian processes
including embryonic development, X-inactivation, genomic
imprinting, regulation of gene expression, and host defense
against parasitic sequences, as well as abnormal processes
such as carcinogenesis, fragile site expression, and cytosine to
thymine transition mutations. DNA methylation in mam-
mals is achieved by the transfer of a methyl group from S-
adenosyl-methionine to the C5 position of cytosine. This re-
action is catalyzed by DNA methyltransferases and is specific
to cytosines in CpG dinucleotides. Seventy percent of all cy-
tosines in CpG dinucleotides in the human genome are meth-
ylated and prone to deamination, resulting in a cytosine to
thymine transition. This process leads to an overall reduction

in the frequency of guanine and cytosine to about 40% of all
nucleotides and a further reduction in the frequency of CpG
dinucleotides to about a quarter of their expected frequency
(Bird 1986). The exception to CpG underrepresentation in the
genome is CpG islands, which were first identified as Hpa II
tiny fragments (Bird et al. 1985), and were later formally de-
fined as sequences >200 bp in length, with a GC content >0.5,
and a CpGobs/CpGexp (observed to expected ratio based on GC
content) >0.6 (Gardiner-Garden and Frommer 1987). CpG is-
lands have been estimated to constitute 1%–2% of the mam-
malian genome (Antequera and Bird 1993), and are found in
the promoters of all housekeeping genes, as well as in a less
conserved position in 40% of genes showing tissue-specific
expression (Larsen et al. 1992). The persistence of CpG di-
nucleotides in CpG islands is largely attributed to a general
lack of methylation of CpG islands, regardless of expression
status (reviewed in Cross and Bird 1995).

Although CpG islands are believed to be unmethylated,
two exceptions to this rule in normal cells are the inactive X
chromosome (Yen et al. 1984) and imprinted genes (Fergu-
son-Smith et al. 1993; Razin and Cedar 1994; Barlow 1995),
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both of which are associated with methylated CpG islands.
Genomic imprinting is the parental origin-specific differential
expression of the two alleles of a gene, and most imprinted
genes show differential germline methylation of associated
CpG islands (reviewed in Ohlsson et al. 2001). A third excep-
tion to the rule of methylation exclusion of CpG islands is
aberrant methylation of CpG islands in tumors and in im-
mortalized cultured cells, and such CpG island methylation is
thought to contribute to carcinogenesis (Herman et al. 1994;
Merlo et al. 1995).

Because of the interest in DNA methylation, genomic
imprinting, and cancer, several general approaches have been
used to identify CpG islands that are differentially methylated
in specific cell types, such as screening tumor-normal pairs for
cancer-related methylation changes (Huang et al. 1999; Shi-
raishi et al. 1999; Toyota et al. 1999), or pronuclear transplan-
tation to examine differential parental origin for imprinted
genes (Hayashizaki et. 1994; Plass et al. 1996). However, there
has been only one report of a systematic effort to identify
normally methylated CpG islands throughout the genome
(Brock and Bird 1997), using a methyl-CpG binding column.
The resulting sequences were ribosomal DNA and other re-
peated sequences with no characterization of unique, meth-
ylated CpG islands (Brock and Bird 1997). Here, we have
taken a different approach, using a restriction enzyme-based
library cloning strategy, and we have identified novel unique
normally methylated CpG islands.

RESULTS

Isolation of Normally Methylated CpG Islands
We chose a restriction enzyme-based strategy for isolating
methylated CpG islands over a PCR-based strategy, to avoid
known problems of amplification bias against GC-rich se-
quences, and to obtain larger clone inserts than would be
possible by a PCR-based approach. We used DNA from tissue
from a male, to avoid cloning methylated CpG islands from
the inactive X chromosome, and to avoid cell culture-induced
DNA methylation. The tissue we chose was a Wilms tumor,
because this approach would identify either normally meth-
ylated CpG islands or those methylated specifically in this
tumor, which is of interest to our laboratory. Our plan was to
determine after cloning these sequences whether they were
methylated in normal cells or in tumors. The first step of our
approach (Fig. 1) involved double digestion with Mse I, which
recognizes the sequence TTAA and Hpa II, which recognizes
the sequence CCGG at unmethylated sites. Mse I digests DNA
between CpG islands, and Hpa II digests unmethylated CpG
islands into small fragments, as it has a 4-bp recognition se-
quence. These digestions were followed by gel purification of
fragments >1 kb in length. These initial digestions and puri-
fication were predicted by computer analysis of GenBank to
enrich ∼10-fold for CpG islands, and enrichment of known
methylated CpG islands (near imprinted genes) was con-
firmed by Southern blot hybridization (L.Z. Strichman-
Almashanu and A.P. Feinberg, data not shown). At the same
time, this step eliminates all unmethylated CpG islands be-
cause of the methylcytosine sensitivity of Hpa II. The restric-
tion fragments obtained by this first step then were cloned
into the restriction-negative strain XL2-Blue MRF� to avoid
bacterial digestion of methylated genomic DNA, and the re-
sulting genomic library was termed the “Mse library.” The
second cloning step (Fig. 1) involved further enrichment of
CpG islands by digesting the purified Mse I library DNA with

an infrequently cutting restriction endonucleases (i.e., recog-
nizing � 6 bp CG-rich sequences) specific for sequences com-
mon to CpG islands, to isolate relatively large fragments of
CpG islands that are normally methylated (i.e., survived the
first cloning step), but are now unmethylated in the Mse li-
brary and therefore amenable to digestion and subcloning.
Most of the work described here was performed by using Eag
I (recognition sequence CGGCCG) in this second step, and
subcloning Eag I fragments in three size classes separated by
agarose gel electrophoresis (100–500 bp, 500–1000 bp, >1000
bp), and the resulting library was termed the Eag library.

Methylated CpG Islands within Interspersed Repeats
Our primary goal was to identify unique methylated CpG
islands throughout the genome. However, it quickly became
apparent that most of the clones in the Eag library repre-
sented high copy number methylated CpG islands. The ma-
jority of these clones were derived from a sequence termed
SVA, which constituted 70% of the Eag I library, and that was
not previously known to be methylated. The little-known
SVA retroposon contains a GC-rich VNTR region, which em-
bodies a CpG island between an Alu-derived region and an
LTR-derived region. Only three such elements had previously
been described (Kawajiri et al. 1986; Zhu et al. 1992; Shen
1994), although their methylation has not been character-
ized. We designed a probe, termed SVA-U, unique to the SVA
and present in all of the SVA elements, to analyze copy num-
ber and methylation of this sequence in genomic DNA. The
copy number was estimated by quantitative Southern hybrid-
ization to be 5000 per haploid genome (L.Z. Strichman-
Almashanu and A.P. Feinberg, data not shown). The SVA el-
ements were found to be completely methylated in all adult
somatic tissues examined, including peripheral blood lym-
phocytes, kidney, adrenal, liver and lung. A somewhat less
abundant high copy repeat, representing an additional 20%
of the Eag I library, corresponded to the nontranscribed in-
tergenic spacer of ribosomal DNA, which was a known meth-
ylated repetitive sequence (Brock and Bird 1997), suggesting
that ribosomal gene methylation may be more extensive than

Figure 1 Overall strategy for cloning methylated CpG islands. In
step 1, genomic DNA was digested with Mse I (red), which cuts
between CpG islands, and Hpa II (blue), which cuts unmethylated
CpG islands. Mse I fragments containing methylated CpG islands
then are transformed into a bacterial strain that does not cut meth-
ylated DNA. However, brief bacterial passage leads to loss of meth-
ylation of these previously methylated sequences. In step 2, the library
DNA is pooled and digested with Eag I (green), which cuts relatively
large fragments within CpG islands, and these fragments are then
subcloned.
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was previously suspected. The focus of the current study was
on the unique methylated CpG islands that were identified
after excluding these sequences.

Methylation Analysis of Novel Single-Copy
CpG Islands
To isolate single-copy clones, we rederived the Mse library,
adding restriction endonucleases designed to cleave repeat se-
quences described above, rendering them unclonable (see
Methods). After eliminating redundant clones, 62 unique
clones were characterized. All of the sequences were GC-rich,
i.e., with a measured (C + G)/N >50%, and they ranged in GC
content from 55 to 79%. Forty-three (69%) of the clones
showed an observed to expected CpG ratio >0.6, meeting the
formal definitional requirement of a CpG island, and they
were characterized further. Nevertheless, most of the remain-
ing clones showed an observed to expected CpG ratio >0.5.

As the original source of DNA was a Wilms tumor, we
had no a priori knowledge of the methylation status of these
sequences in normal tissue. Surprisingly, all of the sequences
were methylated in normal lymphocyte DNA (Fig. 2A). Meth-
ylation was not restricted to lymphocyte DNA, as it also was
observed in both adult and fetal tissues, including brain, gut,
kidney, liver, lung, and skin (Fig. 2B). Thus, these sequences
represented normally methylated CpG islands. To determine
whether the CpG islands were differentially methylated in the

maternal and paternal germline, 30 of the clones were indi-
vidually hybridized to Southern blots of DNA isolated from
ovarian teratomas (OT) and complete hydatidiform moles
(CHM), which are of uniparental maternal and paternal ori-
gin, respectively (CHM DNA was exhausted at that point).
Thirteen clones exhibited methylation in the OT but not or
significantly less so in the CHM (Table 1). For example, CpG
island 2–78 showed complete digestion after Hpa II treatment
of genomic DNA isolated from sperm and CHM, similar to the
pattern after Msp I digestion (Fig. 3A). In contrast, 2–78
showed an identical pattern after Mse I + Hpa II digestion, as
after Mse I alone, in OT (Fig. 3A). Similarly, Fig. 3A shows
OT-specific methylation of CpG islands 3–30, 1–13, 4–6, and
2–48, with relative lack of methylation in CHM. These se-
quences therefore represent differentially methylated regions,
because of their different pattern of methylation in germline
tissues of male (sperm and CHM) and female (OT) origin.
Because many of these sequences also are methylated in so-
matic tissues, we refer to them as gDMR’s (germline differen-
tially methylated regions). All of the gDMR sequences were
methylated in OT and not CHM. As a negative control, a CpG
island associated with the RB gene is unmethylated in both
CHM and OT. As a positive control, a CpG island upstream of
the imprinted gene H19 is preferentially methylated in CHM,
and a CpG island within the imprinted SNRPN gene is meth-
ylated in OT (Fig. 3B).

Figure 2 Methylation of CpG islands in normal human DNA. Genomic DNA from peripheral blood lymphocytes (A) or tissues (B) was digested
with Mse I (M), Mse I + Hpa II (MH), or Mse I + Msp I (MM). Fragment sizes are indicated to the right. CpG islands used for Southern blot
hybridization are indicated in panel A, and CpG island clone 1–19 was used in panel B. Note that there is an Mse I polymorphism in the fetal tissue
that is not in the adult tissue, accounting for the presence of two bands in the fetal tissue Mse I digest. Blots were made in duplicate and one set
was hybridized to RB to ensure the presence of DNA in the Msp I lane. BR, brain; CO, colon; KI, kidney; LI, liver; fCNS, fetal CNS; fKI, fetal kidney;
fLU, fetal lung; fSK, fetal skin.
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Table 1. Methylated CpG Islands Characterized in Detail

Clone ID Methylation pattern Chromosomal location

Associated genes

Accession no. Predicted function

3-10 SMR 1q44 14042537a Similar to Zn finger protein
14423768 Olfactory receptor 2T1
hCG1644736 Similar to olfactory receptor 2T1
hCG1724357 Similar to olfactory receptor 2T1

3-20 SMR 2q36 5174481a Histone deacetylase A
hCG1651464
hCG1656118
hCG1651461
hCG1651466

1-19 SMR 4p16 3777583a WFS1 (wolframin)
1-41 SMR 4q35 hCG1788598a Similar to mouse pair-rule gene ODZ3

hCG1793025a Hypothetical protein
hCG1787540 Similar to mouse pair-rule gene ODZ3

4-8 SMR 4q35 hCG1788598a Adjacent to but distinct from 1-41
3-4 gDMR 6q24 hCG1660630a HYMA1
4-7 SMR 7p22 6806913a Centaurin-�

hCG1747708
hCG1790856
hCG1747710 Cytochrome P450 homolog

1-30 SMR 7q11.1 hCG1779529a Rab5 exchange factor homolog
hCG1779527 Antisense to hCG1779529
hCG1789113 Antisense to hCG1779529
13642872 60S ribosomal prot L35
6572672 Putative transcription factor

1-22 SMR 7q36 11386149a Tyrosine phosphatase
hCG1799787 BHLF1 protein

3-2 SMR 8p23 hCG1659058a Proline-rich mucin homolog
2-5 gDMR 8q21.2 17451956 Similar to antigen GOR

hCG1757665
2-48 gDMR 9p13 hCG1659616
1-20 gDMR 10q26 13325182a

hCG1799063
3-12 SMR 10q26 3122245a Inositol triphosphate phosphatase

hCG1654478
3-30 gDMR 11q25 17456499a Hypothetical gene

hCG37607
hCG1745526 Hypothetical protein

1-5 SMR 13q34 hCG20146a

1-21 gDMR 14q32 8393715a Heptacellular cancer candidate
hCG21408 Similar to Drosophila CLIP-190

2-42 gDMR 16p13.1 hCG15669a Ser/Thr protein kinase
3-110 SMR 17q25 8400736a �-tubulin cofactor D

10435982
2-1 SMR 17q25 1655842a Sulfamidase

14149793 Coiled-coil protein
1-12 SMR 17q25 hCG1806389

hCG1796817
2-78 gDMR 18q21 13645769a Elongin A3
3-8 gDMR 18q21 13645769a Adjacent to but distinct from 2-78
2-3 SMR 18q23 6912444 Voltage-dependent K+ channel

1914872 Choline-binding protein
5326898 RNA Polymerase II CTD phosphatase

1-13 gDMR 18q23 hCG1651089a

6688241 SALL3 Spalt-like zinc finger protein
hCG20372 ATPase
1651088 Mucin1 precursor

1-6 gDMR 19p13.1 14249150a Hypothetical protein
4-3 SMR 19p13.3 9665054a Ser/Thr kinase 11

hCG23965 Ankyrin repeat protein
4506715 Ribosomal protein S28
hCG1794585
10732648 Angiopoietin-like protein

1-2 SMR 19q13.4 12053197 Zinc finger protein
4505329 NSF attachment protein
5901994 Kaptin-actin binding protein
5689511 Na/Ca exchanger protein
7657128 Glioma tumor suppressor candidate
7657054 EH-Domain containing protein
7657130 Glioma tumor suppressor candidate

2-4 gDMR 20q12 17484155a Nuclear factor of activated T-cells 2
hCG1800975
hCG1653833
13378306 Brain RPTmam4 isoform
110743 Neurofilament triplet H protein
7799072 DNA helicase

Accession numbers correspond to GenBank entries, within 10 kb of the CpG island, unless there is no GenBank entry, in which case they
correspond to Celera entries. One additional SMR could not be mapped.
aCpG island lies within the transcript.



An additional 17 clones identified CpG islands that were
methylated equally in OT, CHM, and sperm (Table 1). For
example, CpG islands 3–110, 3–10, 2–1, and 1–41 showed an
identical pattern after Mse I + Hpa II digestion, as after Mse I
alone, in OT and CHM (Fig. 4). We termed these sequences
SMRs, to connote their comparable methylation in male and
female tissue of germline origin. Like the gDMRs, these SMRs
were methylated in cells of somatic origin (Fig. 2A).

Chromosomal Location of Methylated CpG Islands
and Association with Genes
The methylated CpG islands identified here were distributed
throughout the genome. There was a striking localization of
SMRs near the ends of chromosomes. Sixteen of 17 SMRs were
localized near the ends of chromosomes, either on the last
(n = 15) or the penultimate (n = 1) subband of the chromo-
some on which it resided (Table 2). In contrast, of 12 gDMRs
that could be mapped (of the 13 gDMRs studied), only four
were localized near the ends of chromosomes (Table 2). This
difference was highly statistically significant (P = .0008, Fish-
er’s exact test). The association of SMRs near the ends of chro-

mosomes is consistent with an observation of densely meth-
ylated GC-rich sequences near telomeres, although that study
did not describe methylated CpG islands (Brock et al. 1999).
In addition, there was a segregation of gDMRs and SMRs
within compartments of differing genomic composition, i.e.,
isochores, which are regions of several hundred kilobases of
relatively homogeneous GC composition (Bernardi 1995). Ap-
proximately 75% of the SMRs fell within high isochore re-
gions (G+C �50%), as might be expected from the high GC
content of methylated CpG islands. Surprisingly, however, all
of the gDMRs fell within low isochore regions (G+C <50%),
i.e., of relatively low GC content, despite the high GC content
of the gDMRs themselves (L.Z. Strichman-Almashanu and
A.P. Feinberg). This difference was statistically significant
(P<.01, Fisher’s exact test). Thus, the gDMRs and SMRs may lie
within distinct chromosomal and/or isochore compartments.

There were several examples of nonredundant, unique
methylated CpG islands localizing to the same chromosomal
region. In two cases, two pairs of sequences were adjacent
within the genome. Two SMRs on 4q35, 1–41 and 4–8, were
adjacent to each other; and two gDMRs on 18q21, 2–78 and
3–8, also were adjacent to each other (Table 1). In addition, 14

Figure 3 Differential methylation of novel gDMRs in uniparental tissues of germline origin. Fragment sizes (kb) are indicated to the right. (A)
Sperm (SP), ovarian teratoma (OT), or complete hydatidiform mole (CHM) was digested, and Southern blot hybridization was performed with the
gDMRs indicated, as described in the legend to Figure 2. Multiple OT and CHM were examined with similar results, although only one is shown.
(B) Similar experiments were performed with an unmethylated CpG island in the retinoblastoma gene (RB), with a CpG island upstream of H19
that shows preferential methylation of the paternal allele, and with a CpG island within the SNRPN gene that shows preferential methylation of
the maternal allele.
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methylated CpG islands were located near and on the same
chromosomal subband as other methylated CpG islands
(Table 1). For example, SMRs 3–110, 2–1, and 1–12 are all on
17q25; two of these sequences, 3–110 and 1–12, lie within 660
kb (data not shown). In some cases, SMRs and gDMRs were
found in relatively close proximity. For example, SMR 2–3
and gDMR 1–13 lie within 1 Mb on 18q23. In addition, gDMR
1–20 and SMR 3–12 are both on 10q26 and separated by ∼800
kb (Table 1 and R.S. Lee and A.P. Feinberg, data not shown).
All of these data together support the idea that these methyl-
ated CpG islands identify specific portions of the genome.

Most of the methylated CpG islands were localized
within or near the coding sequence of known genes or of
anonymous ESTs within the GenBank or Celera databases.
Because of the known ability of DMRs to regulate imprinting
over long distances (reviewed in Feinberg 2001), we deter-
mined the identity of known or predicted genes within sev-
eral hundred kilobases of each methylated CpG island. We
were particularly intrigued that gDMR 3–4 was located on
6q24 within HYMA1 (Fig. 5), an imprinted gene involved in
diabetes mellitus (Arima et al. 2000). This CpG island has
been identified independently as a DMR, in a specific analysis
of this gene (Arima et al. 2001), and our isolation of this
sequence indicates that these methylated CpG islands may
identify imprinted gene domains. gDMR 1–13 was located on
18q23, within a predicted gene of unknown function, and
near the SALL3 gene (Fig. 5), which encodes a Spalt-like zinc
finger protein that is a candidate gene for 18q deletion syn-
drome (10610715), which involves preferential loss of the pa-
ternal allele (Kohlhase et al. 1999). Interestingly, 18q23 also
has been implicated in bipolar affective disorder, specifically
harboring a predisposing gene transmitted preferentially

through the father (Stine et al. 1995; McMahon et al. 1997).
Therefore, the localization of this gDMR may serve as a guide-
post for identifying candidate imprinted genes for this impor-
tant disease. SMR 1–2 was located within 19q13.4 (Fig. 5).
Even though this sequence is an SMR, 19q13.4 contains the
imprinted genes PEG3 and ZIM1 (Kim et al. 1999). Given that
SMR 1–2 is ∼10 Mb from these genes, it is unlikely to lie
within the same imprinted gene domain. Nevertheless, it will
be of interest to examine nearby genes for their imprinting
status, including a glioma tumor suppressor candidate gene
located 110 kb telomeric to SMR 1–2. Another interesting
gene harboring a methylated CpG island was histone deacety-
lase A (HDAC4), and there were several other predicted genes
near this CpG island, SMR 3–20 (Fig. 5). In addition, several
antisense transcripts are associated with this CpG island.
Given that HDAC4 is itself involved in chromatin remodeling
(Wang et al. 2000), methylation of this region could be in-
volved in a feedback loop controlling chromatin structure.
Other genes located near methylated CpG islands included
the wolframin gene, a transmembrane protein involved in
congenital diabetes (Strom et al. 1998); several olfactory re-
ceptor genes; several phosphatase and kinase genes likely in-
volved in signal transduction; several genes for DNA-
interacting proteins; and the Peutz-Jeghers syndrome gene
STK11 (Table 1). A voltage-dependent potassium channel sub-
unit protein was localized only 16 kb from methylated CpG
island 2–3 (Table 1), which is of interest given that the volt-
age-dependent potassium channel KvLQT1 is imprinted (Lee
et al. 1997). Finally, in addition to genes directly adjacent to
these methylated CpG islands, at least two of the domains
flanked by methylated CpG islands harbored several genes
within them that may play a role in cancer. For example,
contained within the region defined by methylated CpG is-
lands 3–110 and 1–12 are a predicted apoptosis inhibitor, a
septin-like cell division gene, a ras homolog, and a predicted
translation initiation factor (Table 1 and L.Z. Strichman-
Almashanu and A.P. Feinberg, data not shown).

Identification of an Imprinted Gene Homologous
to Elongin A
In addition to HYMA1, described above, a DMR within the
IGF2R contains an Eag I site, and as predicted, this gene also
was found in the Eag library (L.Z. Strichman-Almashanu and

Table 2. Band Location of Methylated CpG Islands

CpG Island

Band location

Centromeric Midchromosome Telomerica

gDMR 0 8 4
SMR 1 0 16

P = 0.0008, Fisher’s exact test.
aOne SMR was subtelomeric.

Figure 4 Similar methylation of novel SMRs in uniparental tissues of germline origin. Experiments were performed as described in the legend
to Figure 2, using the SMRs indicated. Fragment sizes are indicated to the right.
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A.P. Feinberg, data not shown). We recently have begun to
examine genes near methylated CpG islands for allele-specific
expression, and we already have found one novel imprinted
gene. gDMR 2–78 was localized to 18q21 (Fig. 5) and was
completely methylated in all somatic fetal and adult tissues
tested (Fig. 2 and L.Z. Strichman-Almashanu and A.P. Fein-
berg, data not shown). However, this CpG island was unmeth-
ylated in CHM and sperm and methylated in OT (Fig. 3A). A
BLAST search showed that the CpG island spanned the puta-
tive promoter region and body of a gene predicted by GEN-
SCAN (http://genes.mit.edu/GENSCAN), and included 1638
nucleotides encoding 546 amino acids (Fig. 6). BLAST
searches of GenBank and Celera databases using the predicted
sequences revealed that the predicted gene showed 43%
amino acid identity to human transcription elongation factor
B (SIII) polypeptide 3 (TCEB3), also known as Elongin A. The
novel sequence was even more closely related to a previously
identified homolog of Elongin A termed Elongin A2, or
TCEB3L, showing 79% amino acid sequence identity to
human transcription elongation factor (SIII) Elongin A2
(TCEB3L). To determine whether 2–78 represented a genuine
transcript, and if so, whether the gene is imprinted, we de-
signed primers that would amplify 2–78 but not Elongin A2,
and amplification products were of the expected size.

Sequencing demonstrated that the amplified cDNA corre-
sponded to 2–78 and not Elongin A2, based on sequence
differences between the two genes within the PCR product.
Analyzing DNA samples from fetal tissues, we then identi-
fied a polymorphism at nucleotide 910 (G/A) of 2–78. We
found four fetuses heterozygous for this polymorphism, in
which maternal decidua DNA was available and homozygous,
allowing us to identify parental origin in the fetal samples
(Fig. 7). Reverse transcriptase PCR (RT-PCR) analysis of tissues
from these fetuses showed that the gene was indeed tran-
scribed. We therefore term this gene Elongin A3. An alterna-
tive term is TCEB3L2, but for this term to apply, the nomen-
clature committee will need to rename TCEB3L (Elongin A2)
TCEB3L1.

Analysis of allele-specific expression showed monoallelic
expression of lung, brain, placenta, and spinal cord, with pref-
erential expression from the maternal allele (Fig. 7A–D). There
was incomplete preferential expression from the maternal al-
lele in two of three kidneys (Fig. 7A,C), and absence of im-
print-specific gene expression in one kidney and in the intes-
tine or liver (Fig. 7B,C,D). Thus, Elongin A3 shows tissue-
specific imprinting, at least in prenatal development.
Therefore, the isolation of these novel CpG islands does en-
able the identification of novel human imprinted genes.

Figure 5 Chromosomal location and relationship of representative methylated CpG islands to nearby genes. Genes are indicated with boxes, and
the arrows show transcriptional orientation. The methylated CpG islands are shown in red. In the case of 2–78, the homologous sequence within
Elongin A2 is indicated in blue.
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Species Conservation of Methylated CpG Islands
As further confirmation of the importance of the methylated
CpG islands we have isolated, we ascertained their sequence
conservation in the mouse, using the Celera mouse genome
database. Thirteen (46%) of the 30 human noncontiguous
methylated CpG islands matched sequences within the
mouse genome at 86.9 � 4.9% identity (Fig. 8 and R.S. Lee
and A.P. Feinberg, data not shown). Furthermore, in some
cases, the region of conservation extended beyond the CpG
island itself. For example, gDMR 1–21 showed, in addition to
a 558 bp, 82% conserved region including the CpG island,
five additional conserved sequences within 1 kb of the CpG
island. These additional sequences varied from 80–97% iden-
tity (Fig. 8). Most of the conserved sequences outside of the
CpG islands themselves were not predicted genes, and thus
may represent conserved regulatory sequences. In all cases in
which BLAST analysis of the CpG island and flanking 1 kb on
each side was performed, and in which any sequence conser-
vation was found, the CpG island itself was conserved, again
supporting the idea that these CpG islands play an important
role.

DISCUSSION
The major conclusion of this study is the identification of a
subset of unique CpG islands that are methylated in normal
tissues, in the first systematic effort to identify such se-
quences. The experiments were designed to identify CpG is-
lands that are methylated differentially in germline-derived
tissues or differentially in cancers. To our surprise, we found
no CpG islands methylated specifically in tumors, but slightly
more than one half of the unique methylated CpG islands
were methylated in germline-derived tissues of both maternal
and paternal origin. Conventional wisdom holds that CpG
islands are unmethylated, with the exception of the inactive
X chromosome, imprinted genes, and tumors. However, rare
exceptions to this rule have been described. Some repeated
sequences harboring CpG islands have been found to be
methylated. We reported methylation of a mouse testis-
specific histone H2B gene (Choi et al. 1996), and others have
found methylation of some ribosomal gene sequences (Brock
and Bird 1997). Indeed, methylation of one of these repeat
sequences, the rDNA nontranscribed spacer, previously was
found after genomic purification from a methyl-CpG binding
protein column (Brock and Bird 1997), and we speculate that
the large number of these sequences obscured the identifica-
tion of unique methylated CpG islands. The methylation of
high copy number sequences is not surprising, as it is consis-
tent with the hypothesis that CpG methylation arose as a host
defense mechanism (Bestor and Tycko 1996). This is particu-
larly true of the SVA element, which is a high copy number
retroposon.

However, the presence of normally methylated unique
CpG islands has not been observed systematically. An intrigu-
ing exception is the MAGE melanoma gene (Serrano et al.
1996), and it is thought that hypomethylation of this gene
leads to its activation in cancer (De Smet et al. 1996). Our
results suggest that normally methylated single-copy CpG is-
lands may be more abundant than previously believed. In-
deed, the loss of methylation of such sequences may be re-
lated to gene activation in cancer, just as the gain of methyl-
ation of CpG islands may lead to their silencing. Previous
screens for altered CpG island methylation have not been
designed to identify normally methylated CpG islands, but it

Figure 6 Nucleotide and amino acid sequence of Elongin A3. The
transcription factor SII similarity motif is shown in red, and the nuclear
localization signal is shown in green. The site of the (G/A) polymor-
phism, at nucleotide 910, used for imprinting analysis is shown in
blue, and the PCR primers specific for Elongin A3 are shown in black
boldfaced type.
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should be noted that the original observation of altered meth-
ylation in cancer was widespread loss of methylation (Fein-
berg and Vogelstein 1983). Furthermore, even in tumors that
show increased CpG island methylation, the total methyl-
ation content is reduced (Feinberg et al. 1988). DNA methyl-
ation serves as an additional layer of genetic information in
the genome, which has been termed the methylome (Fein-
berg 2001), and both increases and decreases may be impor-
tant in cancer. Our strategy for cloning these sequences can
be generalized to secondary libraries in addition to the Eag
library, and the identification of additional such sequences
thus should enhance our understanding of the methylome.

The second major result of this study was the identifica-
tion of novel CpG islands that are methylated differentially in
OT and CHM. The second (Eag) library would not identify
known imprinted genes lacking Eag I sites, but it did contain
the DMR of IGF2R, as well as the DMR of the imprinted
HYMA1 gene, suggesting that this strategy also can identify
novel imprinted gene domains. One such gene was identified
to date, a novel homolog of the Elongin A and Elongin A2
genes, which we term Elongin A3. Both Elongin A and Elongin
A2 are known to be the active components of the transcrip-

tion factor B (SIII) complex (Aso et al. 2000), that may com-
pete for other components (Elongin B and C) with the VHL
tumor suppressor gene (Kibel et al. 1995). We did not check
directly for elongation activity of Elongin A3, but it contains
the TFS2N motif as well as a nuclear localization signal, and
the predicted protein sequence is 79% identical to that of
Elongin A2, so it likely does have such a function.

It should be noted that gDMRs, even the gDMR within
this novel imprinted gene, showed variable to complete
methylation in somatic tissues. Such a pattern of methylation
also is similar to that seen for the promoter of the imprinted
gene ZNF127 (Strom et al. 1998), and for at least one meth-
ylated CpG island within the 11p15 imprinted gene domain
(S. Kane and A. Feinberg, unpubl.). Thus, imprinted gene do-
mains may harbor some methylated CpG islands that show
persistent differential methylation in somatic tissues, but also
may contain other CpG islands that do not show these dif-
ferences in somatic tissues. Thus, it is important to compare
methylation in sperm or CHM as a representation of the male
germline, and OT (as eggs cannot be harvested from humans
for this purpose), in the search for imprinted gene domains.
The mouse is a useful adjunct and provides access to a greater

Figure 7 Tissue-specific imprinting of Elongin A3. The (G/A) polymorphism was used to assess allele-specific expression in four heterozygous
fetuses denoted A, B, C, and D. Chromatograms of genomic DNA (gDNA) sequence are included to show heterozygosity, as well as the
homozygous maternal decidual DNA indicating parental origin. (A) Monoallelic expression of the maternal allele in lung, central nervous system
(CNS), and limbs, and biallelic expression in kidney. (B) Monoallelic expression of the maternal allele in placenta and CNS, and biallelic expression
in intestine. (C) Monoallelic expression of the maternal allele in CNS, biallelic expression in kidney and liver. (D) Monoallelic expression of the
maternal allele in placenta, and biallelic expression in kidney and liver. Sequencing was done bidirectionally in all cases, and monoallelic expression
of the maternal allele did not depend on whether that allele was A or G.
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variety of tissues at varying developmental stages, but there
are substantial differences between human and mouse im-
printing, both in the identity of the genes themselves, and in
their developmental pattern of imprinting.

The localization of these sequences likely will stimulate a
great deal of research by many laboratories to identify novel
imprinted genes near them. Several of these domains harbor
multiple genes that have been implicated in cancer, and that
show frequent loss of heterozygosity, including 4p16, 4q35,
10q26, 18q21, and 19p13. An imprinted tumor suppressor
gene in one or more of these regions might not show con-
ventional mutations in tumors, and thus identifying im-
printed genes is an important part of tumor suppressor gene
identification within these regions. The same region of 18q
also has shown linkage in bipolar affective disorder, with pref-
erential transmission through the paternal allele (McMahon
et al. 1997). Furthermore, these domains appear to harbor
both SMRs and gDMRs, suggesting that both types of meth-
ylated CpG islands may be useful for identifying imprinted
gene domains.

What is the function of these normally methylated CpG
islands? CpG islands normally must be under selective pres-

sure for their maintenance, as methylation leads to deamina-
tion and loss of cytosine. This is especially true in the case of
the SMRs we have described, as they are methylated even in
sperm DNA. In the case of gDMRs, their methylation in so-
matic tissues and oocyte-derived cells may be critical for sup-
pression of nearby gene expression in spermatocyte progeni-
tor cells. This may be particularly important for genes in-
volved in establishing epigenetic states and in epigenetic
reprogramming, as the chromatin of spermatocyte differs
markedly from oocytes and somatic cells.

It also is possible that normally methylated CpG islands
are involved directly in chromatin formation. For example,
they could serve as chromatin insulators separating enhancers
from promoters. If that is so, then we would expect to find
their loss of methylation in specific tissues at specific devel-
opmental stages, which would be consistent with the obser-
vation that imprinted genes can show developmental (tissue-
and timing-specific) imprinting (Lee et al. 1997). Support for
this idea also comes from our observation that SMRs were
more frequently localized near the ends of chromosomes.
Given that chromosomal ends are associated with the nuclear
lamina in interphase (Cockell and Gasser 1999), the relative

Figure 8 Sequence conservation of methylated CpG islands between human and mouse. Human methylated CpG islands and ∼1 kb of flanking
DNA were compared to mouse sequence, synteny was confirmed, the corresponding mouse CpG islands were identified, and regions of conser-
vation (percentage shown) were determined. In the case of gDMR 1–21, the corresponding mouse sequence, while GC-rich, showed an observed
to expected CpG ratio of 0.45–0.50 and therefore was not classified as a CpG island. Colors are as indicated in the figure.
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proximity of SMRs to the ends of chromosomes might permit
their association with the nuclear lamina and chromatin pro-
teins found within it.

Normally methylated CpG islands also might promote
chromatin formation. In an intriguing review, Pardo-Manuel
de Villena et al. (2000) suggest that imprinting involving dif-
ferences among homologous chromosomes arose under selec-
tive pressure to facilitate pairing and distinguish homologous
chromosomes during meiosis. We suggest that SMRs also
might enhance pairing and recombination by recruiting chro-
matin factors to specific locations along a given chromosome
and allowing those factors to interact between homologous
chromosomes. A prediction of our suggestion is that recom-
bination frequencies in meiosis or even mitosis might be en-
hanced near normally methylated CpG islands. Methylated
CpG islands also may play a role intrachromosomal compart-
mentalization. For example, the gDMRs lay within regions of
comparatively lower CpG content (GC-poor isochores). Con-
sistent with this idea, we have noted that most known im-
printed genes also appear to lie within low isochore regions
(PLAGL1, IGF2R, PEG1/MEST, SNRPN, PEG3, GNAS, unpubl.).

Finally, the identification of these methylated CpG is-
lands will facilitate comparison of their sequences to each
other, as well as computational analysis of sequence motifs.
For example, in preliminary experiments, we have identified
several CTCF binding sites within at least 10 methylated CpG
islands (R.S. Lee et al., unpubl.). We are currently performing
biochemical experiments to determine whether CTCF bind-
ing is a common feature of these sequences.

METHODS

Isolation of Methylated CpG Islands
from Genomic DNA
A two-step cloning procedure was used. In the first step, 200
µg of genomic DNA were digested overnight with 1000 units
of Hpa II (LTI) followed by a 5-h digest with 600 units of Mse
I (NEB), according to the manufacturer’s conditions, and the
volume was reduced using a SpeedVac concentrator (Savant).
Fragments �1 kb were size selected using a Chromaspin+TE,
400 column (Clontech), and fragments between 1–9 kb were
purified from a 0.8% gel by electroelution and an Elutip-D
column (S&S). The eluate was ethanol precipitated, cloned
into the compatible Nde I site of pGEM-4Z, which was first
modified to abolish the Sma I site, transformed into the com-
petent cells of the restriction-deficient strain XL2-Blue MRF�
(Stratagene), and plated onto LB-ampicillin agar plates. Li-
brary DNA was prepared directly from plates using a plasmid
Maxi kit (Qiagen). In the second step, 100 µg of the Mse I
library DNA were digested with 1,000 U of Eag I (NEB) accord-
ing to the manufacturer’s conditions. The digest was ethanol
precipitated, and 100- –1500-bp fragments were size-selected
by purification from a 1.5% agarose gel, cloned into the Eag I
site of pBC (Stratagene), and transformed into XL1-Blue MRF�
(Stratagene). To eliminate methylated CpG islands that cor-
responded to dispersed repetitive sequences, we derived the
Mse I library adding restriction enzymes designed to cleave
those sequences and render them unclonable. For 28S and
ribosomal DNA, we used Asc I. For SVA, we used Dra III + Sal
I, followed by either Acc I or TthIII1.

DNA Sequencing
DNA sequencing was performed using an ABI 377 automated
sequencer following protocols recommended by the manu-
facturer (Perkin-Elmer). The sequences were analyzed by

BLAST search (Altschul et al. 1990) of the GenBank and Celera
databases.

Southern Hybridization
Genomic DNA was digested with Mse I alone or Mse I together
with a methylcytosine-sensitive (Hpa II, LTI, or Sma I, NEB) or
methyl-insensitive (Msp I or Xma I, NEB) restriction endo-
nuclease according to the manufacturer’s conditions. South-
ern hybridization was performed as described (Dyson 1991).

Imprinting Analysis of Elongin A3 Gene
Fetal tissues and matched maternal decidua were obtained
from the University of Washington Fetal Tissue Bank. We
identified polymorphisms by sequencing fetal and maternal
PCR amplified genomic DNA. The following conditions were
used for PCR amplifications: 95°C, 2 min; then 40 cycles of
95°C 1 min, 60°C 30 sec, 72°C 1 min; then 72°C for 9 min.
Total RNA was isolated from fetal tissues using RNeasy mini
kit (Qiagen). To eliminate DNA contamination from RNA
preparations, samples were treated with preamplification-
grade DNase I (Invitrogen) according to supplied protocols.
RT-PCR was carried out using the Superscript II preamplifica-
tion system (Invitrogen) and was performed for each sample
in the presence and absence (negative controls) of RT. cDNA
samples were sequenced only when no bands were obtained
with the negative controls. The primers used for the imprint-
ing analysis were EL2AL-1093–1112F: 5�-TCT GCT GTC CGC
TTT TGA GG -3� and EL2AL-1526–1550R: 5�-ATC GGA TTT
TCG TGG TCA CTA CTC G-3’. DNA and cDNA sequencing
was run on an ABI-377 automated sequencer following pro-
tocols recommended by the manufacturer (Perkin-Elmer).
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